Neutron activation analysis (NAA) has been the analytical method of choice for rare earth element (REE) analysis from the early 1960s through the 1980s. At that time, irradiation facilitieswere widely available and fairly easily accessible. The development of high-resolution gamma-ray detectors in the mid-1960s eliminated, formany applications, the need for chemical separation of the REE from the matrix material, making NAA a reliable and effective analytical tool. While not as precise as isotopedilution mass spectrometry, NAA was competitive by being sensitive for the analysis of about half of the rare earths (La, Ce, Nd, Sm, Eu, Tb, Yb, Lu). The development of inductively coupled plasma mass spectrometry since the 1980s, together with decommissioning of research reactors and the lack of installation of new ones in Europe and North America has led to the rapid decline of NAA. Keywords: NAA (neutron activation analysis), INAA (instrumental neutron activation analysis), RNAA (radiochemical neutron activation analysis), fission reactor, neutron generators, photoelectric effect, Compton effect, pair production effect, second order reactions, minerals and rocks
Introduction
The principle of neutron activation analysis (NAA) was proposed by von Hevesy and Levi in 1936 , following the detection of the neutron by James Chadwick in 1932 [1, 2] . The practical application of NAA, of course, had to await the development of neutron-generating devices, in particular the nuclear reactor, after World War II, which made high neutron fluxes (10 12 cm −2 s −1 and above) available for analytical purposes. For more than 20 years, from the mid-1960s to the late 1980s, NAA remained the most widely employed method for the analysis of the rare earth elements (REEs) as well as a number of other elements, present at the trace element level in geological and biological materials. An excellent account of the state of NAA towards the end of this period is provided by Potts [3] . A web page with much useful information is maintained by Kubešová [4].
Principles of neutron activation: activation equation, cross sections
An atomic nucleus that is hit by a neutron (n) may undergo a variety of nuclear reactions, depending upon the energy of the neutron. At low-to-intermediate kinetic energies, below about one million electron volts (MeV), (n, γ) reactions prevail, meaning that the neutron is captured by the nucleus which then emits a γ-ray. Higher kinetic energies of the neutron cause reactions such as (n, p), by which the neutron is captured and a proton p is emitted, or (n, α), which indicates that an α-particle (a helium nucleus) is emitted. As neutrons do not carry an electric charge, they experience no repulsion by an atomic nucleus. For this reason, neutrons with very small kinetic energies can be captured by a nucleus. In fact, neutrons, thermal are most commonly utilized in NAA. Thermal neutrons carry kinetic energies less than about 0.1 eV (1eV = 1.602 × 10 −19 J). Using the relation E = k B × T, where k B is Boltzmann's constant (8.617 × 10 −5 eV K −1 ), we calculate that a temperature of 300 K corresponds to an energy of just 0.026 eV.
If a target which contains atomic nuclei of kind X is exposed to a beam of neutrons (or other particles), the number N of nuclei Y, formed by a reaction, can be calculated:
where dN Y /dt is the production rate of Y, σ is the cross section, neutron (cm 2 ), Φ is the neutron flux (cm −2 s −1 ), assumed to remain constant across the target, and N X the number of nuclei X, also assumed to remain essentially constant. The cross section σ indicates the probability of the reaction to occur. It is commonly associated with the apparent cross section of nucleus A for a neutron that approaches the nucleus. Historically, the word "barn, neutron cross section" has been coined as the unit for the cross section where 1 barn (b) = 10 −24 cm 2 ; 1 b corresponds approximately to the cross section of a uranium nucleus. For thermal neutrons, σ decreases approximately as a function of 1/v, where v is the speed of the neutron. The slower the neutron is, the larger is the probability that it is captured by a nucleus. Above the thermal energy range, there is the range of epithermal energies up to about 100 eV. This range is characterized by sharp increases in σ at well-defined energies that correspond to resonances, the formation of a compound nucleus in discrete excited states ( Figure 1 ) [5] .
Figure 1:
Dependence of the neutron-absorption cross section σ upon the neutron energy displaying the decrease of σ with neutron energy for thermal neutrons and neutron capture resonances at epithermal energies (redrawn from De Soete et al. [5] ). 103 Rh displays a strong resonance at an energy of 1.26 eV (and more resonances at higher energies). This corresponds to an excited state of the compound nucleus 104 Rh, which forms with a high probability when natural rhodium is irradiated with neutrons with appropriate energy. This compound nucleus decays rapidly (≈4 × 10 −15 s by γ-emission into 104m Rh and 104 Rh, which both are radioactive and decay by β − emission into stable 104 Pd.
Neutron capture of an atomic nucleus results in the formation of an isotope of the same element in an excited state. A prompt γ-ray is released immediately and carries away part or all of the excitation energy, depending upon the existence and stability of excitation levels. Prompt γ-ray NAA is one of the methods of neutron activation. It requires the detector to be set up close to the neutron source, for example, a reactor. It may be the method of choice if only stable isotopes of an element are produced during neutron irradiation or if only radioactive isotopes with very short half-lives are generated. Among the REEs, only Sm and Gd can be reasonably well analysed at normal concentrations in rock samples [6] ; prompt γ-ray NAA will not further be considered here.
In many cases, Y is a radioactive isotope that decays with its characteristic half-life t ½ into a stable isotope or into another radioactive isotope of a different element. The β − decay results in the formation of an element with a higher atomic number Z + 1 by emission of an electron or to an isotope of an element with a lower atomic number Z − 1 by the nucleus capturing an orbiting electron, more rarely by emission of a positron from the nucleus (β + decay), for example, 
At least part of the decays by β − , β + or electron capture results in the formation of a nucleus in an excited state. The excitation energy is immediately released by emission of one or more γ-rays with characteristic energies. These γ-rays are registered and evaluated in NAA.
A decay scheme is used to illustrate the decay of a radioactive isotope. This is illustrated in a simplified form in Figure 2 for the decay of 140 La into stable 140 Ce. Almost all β − decays go into excited levels of 140 Ce which decay through γ-ray emission. The four strongest decays at 328.8, 487.0, 815.8 and 1,596.6 keV are most suitable for γ-ray counting. If nuclide Y, produced according to eq. 1, is radioactive, it will start to decay during neutron irradiation and we must subtract its rate of decay
from eq. 1 which gives:
Assuming that N X remains essentially constant during irradiation and that N Y = 0 at the beginning of irradiation, the integration of this equation provides
with t being the duration of irradiation and N Y being the number of radioactive nuclei at the end of irradiation. As NAA counts the number of decays within a defined period of time, it is convenient to replace N Y by the activity A Y , where A = λ × N. We then obtain
Typical irradiation times range from seconds to several days. For a given nuclide 50 % of the maximum activity is reached after irradiating the sample for one half-life, 90 % are reached after 3.3 half-lives. After the end of irradiation, the induced activity decays away as a function of decay time t d :
After seven half-lives less than 1 % of the original activity is still present; this represents an approximate limit where a nuclide can be quantitatively measured with an acceptable precision. In a natural sample such as a piece of rock, many radioactive nuclides with different half-lives will be produced during irradiation. A nuclide with a short half-life, such as 165 Dy (2.35 h), has reached its saturation activity after an irradiation time of one day whereas a nuclide with a long half-life such as 160 Tb (72.3 d) has achieved only about 1 % at that time ( Figure 3 ). Whereas the activity of 165 Dy must be counted within about 12 h after the end of irradiation, the activity of nuclides with long half-lives is counted much later when all short-lived activities have decayed. In practice, it is preferable to split the sample, irradiate one split for a short time (minutes) and count the induced activities of the short-lived nuclides within less than a day after the end of irradiation, and irradiate the second split for a longer time (hours to days) and let the short-lived activities decay before counting the activities of the long-lived nuclides. Normally, NAA is used as a relative method; this eliminates the need to precisely know the value of the neutron flux Φ (and flux variations) as well as the cross section σ. Instead, single-or multi-element standards are irradiated together with the samples of interest (see Section 4.2). However, considerable efforts have also been undertaken to develop the single-comparator method where only one element or isotope, in particular 197 Au, is required for standardization [8] [9] [10] .
Equipment

Neutron sources
Obviously, NAA depends upon the availability of powerful neutron sources. By far the most important source is the fission reactor. Other sources are accelerators and the bombardment of light nuclei by α-or γ-rays.
The fission reactor
Research fission reactors produce neutrons through fission of 235 U by using uranium fuel enriched in this isotope. 235 U is fissionable by thermal neutrons with a high (n, f ) cross section of 586 b (f = fission). Fission of 235 U produces two large fragments plus, on average, 2.5 neutrons that are required to entertain a chain reaction. Figure 4 shows the fission yield for 235 U (yields taken from Ref. [11] ). It can be seen that the two large fragments centre around masses 90-100 and 133-143, respectively. In a sample to be analysed, 235 U, of course, undergoes the same fission by thermal neutrons. This will lead to the production of light REE and may constitute a major source of error in NAA in particular of Ce and Nd if abundances of uranium exceed those of the light REE ( [12] and Section 4.5). The two to three neutrons released during fission of 235 U are neutrons, fast that, on average, carry away a total energy of about 5 MeV. Before they can be absorbed by another 235 U nucleus or be utilized for standard NAA, they must be thermalized through elastic collisions with a moderator, that is, with nuclei of light elements, in particular hydrogen, carbon and oxygen until equilibrium is achieved with the thermal motion of the moderator. Current research reactors reach thermal neutron flux densities between about 10 12 and 10 15 n cm −2 s −1 .
In 2012, there were about 382 research reactors in operation worldwide [13] with many facing decommissioning within a few years. In Germany, for example, there are currently only three research reactors left (Berlin, Mainz and Munich) whereas some 40 years ago there were about a dozen in operation. It is evident, therefore, that today NAA is of little importance in this country and many others as small new neutron generating facilities, in particular neutron generators, are still in the state of development.
Accelerators, neutron generators, isotopic neutron sources
Accelerator-generated neutrons have been employed in NAA since the 1970s. Charged particle accelerators (cyclotron, linear accelerator, Van de Graaff accelerator) can be used to bombard isotopes of light elements with deuterium, causing reactions such as [5] 9 Be(d, n) 10 The last three reactions provide monoenergetic neutrons or nearly so. The d-d and the d-t reactions generate high neutron yields already at low bombarding energies and therefore are particularly useful to manufacture neutron generators with small footprints (in principle, tabletop machines) and thus have been in the focus of research in recent years [13, 14] . The d-d fusion reaction currently is capable of producing 10 10 n s −1 using a neutron generator in which a deuterium beam, produced with a radio-frequency generated plasma and 100-140 kV of acceleration voltage is focused on a target, commonly metal hydride [15, 16] . However, the maximum thermal neutron flux at sample position was only 2 × 10 7 n cm −2 s −1 , insufficient for trace element analysis. The d-d reaction is being explored for prompt γ-ray NAA as well as for standard NAA. Deuterium ( 2 H) has the advantage over tritium ( 3 H) to be easily available and stable whereas the latter is radioactive (half-life 12.3 years [a]) and must be manufactured through nuclear reactions. Neutron generators employing the d-d reaction contain no radioactivity and thus are safe when switched off. The d-t reaction produces high-energy neutrons (14.7 MeV). Such fast neutrons may be employed in the determination of light elements like carbon, nitrogen and oxygen through (n, p), (n, α) and (n, 2n) reactions; these elements are not well activated by (n, γ) reactions [17] .
Isotopic neutron sources have been (and are) of little importance in NAA due to rather low neutron intensities of less than 10 7 n s −1 [13] . They require an α-emitting radioactive source such as 241 Am (half-life 432.2 a) or 226 Ra (1600 y) and a target, in particular Be, to induce (α, n) reactions, for example, 9 Be(α, n) 12 C. Photon activation using a radioactive source of high-energy γ-rays, in particular 124 Sb (half-life 60.3 d) is essentially limited to the analysis of Be through the reaction 9 Be(γ, n) 8 Be where the latter instantaneously disintegrates into two 4 He atoms. Upon decaying into 124 Te, 124 Sb emits a γ-ray of energy 1.69 MeV which is just barely energetic enough to induce the (γ, n) reaction on 9 Be that requires a threshold energy of 1.67 MeV. Almost all other (γ, n) reactions have threshold energies in excess of 8 MeV [5] . Photons exceeding this energy are produced as bremsstrahlung by firing a high-energy electron beam from an accelerator on a target metal. In this way, some REE can be analysed by photon activation in geological and biological materials if present at concentration levels of tens of ppm [18] .
The counting system
A NAA counting system consists of a detector and the pulse-processing electronics. The latter comprises preamplifier, main amplifier, a multichannel analyser that includes an analogue-to-digital converter and an output device (computer) ( Figure 5 ) [3] . The amplifiers are required to amplify the small signal registered in the detector and to achieve a high signal-to-noise ratio. The multichannel analyser sorts and stores the incoming signals as a function of γ-ray energy. Evaluation of the spectra (calculation of photopeak areas) is carried out by dedicated software on a computer. 
Detectors
During the early years of NAA the most suitable detector was a scintillation detector, commonly a big transparent single crystal (or polycrystalline material) of NaI doped with Tl as an activator (order of 0.1 mol%), connected to a photocathode and a photomultiplier. The energy of γ-rays entering such a crystal is absorbed and transferred to electrons which are caught by the activator. A tiny flash of light is then emitted during transition from the excited to the ground state. The light is converted to an electric signal by the photocathode and the signal is amplified by a photomultiplier. The advantage of the Tl-doped NaI detector is that the crystals are fairly easy to grow from the melt to large sizes [19] . Sizes of 3 in. (diameter) by 3 in. (height) were the standard in the 1960s. They were able to register a large fraction of the incoming γ-rays. In contrast to semiconducting diodes, they also can be operated at ambient temperatures. The main disadvantage of the Tl-doped NaI detector is its poor energy resolution. NAA of the REE in geological materials at that time required the chemical separation of each REE using time-consuming ion-exchange techniques [20] . NaI scintillation detectors are still used today when it is important to detect as large a fraction of the incoming γ-rays as possible, for example, in nuclear medicine or environmental sciences.
The high-resolution Ge semiconductors that are used today were developed in the early 1960s [21, 22] . Ge has a higher atomic number than Si that is used as detector material in X-ray fluorescence and therefore Ge is much better suited to stop the high-energy γ-rays. Moreover, to create an electron-hole pair requires only an energy of 2.95 eV at the operating temperature of about 80 K (3.72 eV in Si at the same temperature). Absorption of a 1-MeV γ-ray will then create about 3.4 × 10 5 electrons equivalent to a charge of 5.7 × 10 −14 C [3] . Until the 1980s, the process of growing germanium left unacceptably high levels of impurity inside the crystal which acted as p-type ("positive holes" in the valence band, due, for example, to atoms with three valence electrons instead of the four in germanium, causing the formation of acceptor levels in the forbidden energy region between valence band and conduction band) or n-type semiconductors (negative charges, e.g. by atoms with five valence atoms, forming donor levels). Such impurities cause conduction of the germanium under an electrostatic field even in the absence of ionizing radiation. In order to compensate for this effect, Li, which enters interstitial sites in the Ge, was diffused into a cylinder of p-type Ge, leaving only the central part of the cylinder as a p-type semiconductor [3] . These crystals were thus called coaxial Ge(Li) detectors. As lithium diffuses fairly rapidly through germanium at room temperature, these crystals had always to be cooled to the temperature of liquid nitrogen, even if not in use. High-purity Ge became gradually available during the 1970s, initially as small crystals only, eliminating the need of Li drifting. These crystals were first used to manufacture "planar" (discshaped) Ge detectors with a typical volume of ≤ 10 0 cm 3 and an active area of 0.X mm 2 that were employed in the detection of low-energy γ-rays (≈60-250 keV). The maximum volume of high-purity Ge detectors has increased about linearly from the mid-1970s (less than 100 cm 3 ) to about 800 cm 3 in 2003 [23] , thus permitting the fabrication of detectors for any need.
The quality of a detector is judged by its efficiency, of a detector to detect a signal as well as its resolution. The absolute efficiency is the fraction of γ-rays emitted from a sample that cause an event in the detector. This parameter is strongly dependent upon the geometry, in particular the distance between sample and detector, as the sample will emit photons isotropically in all directions ( Figure 5 ). More important is the relative efficiency which permits a comparison to be made between different detectors. Relative efficiency is the relative photopeak efficiency (total absorption of a γ-ray in the crystal by the photoelectric effect, see below) of a detector compared to that of a 3 in. × 3 in. NaI(Tl) detector at an energy of 1,333 keV ( 60 Co) and a distance of 25 cm between source and detector [24] . Obviously, relative efficiency increases with the volume of the detector and values of more than 100 % are nowadays reached for high-purity Ge detectors. The efficiency decreases with γ-energy, above about 300 keV approximately proportional to E −0.5 . A large Ge(Li) or Ge detector possesses a maximum efficiency at about 100 keV and it decreases by about one order of magnitude at 1,333 keV. A planar Ge detector has a maximum efficiency below about 50 keV and it decreases by about one order of magnitude at 200 keV.
The resolution, of a detector is reported as full width at half maximum (FWHM), that is the width of a peak at half its maximum intensity. For coaxial Ge(Li) and big high-purity Ge detectors, resolution is usually specified for the 1,333 keV line of 60 Co (see Figure 6 ), either as an absolute value in keV or as a relative one (100 × FWHM divided by the energy of the γ-peak). For planar Ge detectors resolution is reported for the 122.1 keV γ-peak of 57 Co or the 121.8 keV peak of 152 Eu. In the former case, resolution is about 2 keV absolute or 0.15 relative, 20-30 times better than the resolution of a NaI(Tl) detector, in the latter case it may be about 0.55 keV absolute or 0.45 % relative. As high-energy γ-rays are much less likely to be absorbed in a planar Ge detector than in a high-volume Ge detector, the Compton background (see next section) is much diminished which makes the planar detector the detector of choice for detecting γ-rays with energies below ≈150 keV. The high-energy part of a γ-ray spectrum of 60 Co showing the superior energy resolution of a Li-drift Ge detector over a Tl-doped NaI scintillation detector [21] ; keV = 1,000 eV. The resolution of the Ge(Li) detector is shown for the 1,333 keV γ-ray (FWHM = full width at half maximum).
Interaction of electromagnetic radiation with matter
The absorption, of radiation of X-rays or γ-rays by matter follows an exponential relation:
where I 0 is the initial intensity of the photon beam, I is the remaining intensity after having travelled distance d (cm) through matter and μ (cm −1 ) is the absorption coefficient. The latter is the sum of three terms, the photoelectric effect, the Compton effect and the pair-production effect, plotted for Ge and Si in Figure 7 . Linear absorption coefficients for germanium and silicon plotted against γ-rayenergy. μ ∑ is the sum of the three individual terms (plotted with data extracted fromRef.
[25]). μ ∑ is equal to μ in eq. 7.
In the photoelectric effect the entire energy of the photon is transferred to an orbital electron, in about 80 % of cases to a K electron and in 20 % to an L electron [5] . The energy of the electron corresponds to the energy of the photon minus the binding energy of the electron. Instantaneously an electron from the next higher shell fills the gap, thus emitting a characteristic X-ray. The energies of the photoelectron and the X-ray are absorbed by ionization of detector atoms. There is a small probability for the X-ray to escape from the detector, thus giving rise to an "escape peak" with an energy of the original photon minus the energy of the X-ray. The photoelectric effect is most important for atoms with high atomic number and low photon energies ( Figure 7 ). It is essentially these photons that are of interest in NAA.
The Compton effect is the result of elastic scattering between a photon and an electron, most likely an outer orbital one, of the interacting atom. Only part of the energy of the photon is transferred to the electron, thereby reducing the energy of the photon that is deflected at an angle ϑ relative to its incident direction. The energy of the scattered photon is dependent upon ϑ [5]:
where E γ is the energy of the photon after collision, E 0 is the energy of the photon prior to collision and m 0 × c 2 is the rest mass of the electron (9. As E γ may vary continuously between its minimum and maximum values, so may the energy of the Compton electron E e between the value calculated from eq. 9 and zero. The scattered photon can undergo further Compton interactions, be totally absorbed by the photoelectric effect or escape from the detector. If only the energy of the scattered electron is absorbed in the detector whereas the scattered photon escapes, it contributes to the Compton continuum, a region with an undesired high background in a γ-spectrum. For the 1,333 keV γ-ray of 60 Co, eq. 9 provides a value of 1,119 keV; this is called the Compton edge (see Figure 6) . Similarly, the 1,173 keV line of 60 Co produces a Compton edge at 949 keV and a Compton continuum below that value. {γ-Ray} absorption due to the Compton effect dominates μ at intermediate energies and also decreases with energy, but less steeply so than the photoelectric effect (Figure 7) .
At very high energies of the γ-rays the pair production effect begins to dominate μ, for Ge in excess of about 10 MeV (Figure 7) . Such a photon can interact with the strong electromagnetic field of an absorber nucleus to produce an electron-positron pair. The minimum energy of the photon that can give rise to pair production equals the rest masses of electron plus positron (511 keV each), that is 1,022 keV. Excess energies of the incident photon will be shared as kinetic energy by electron and positron. After the positron has lost its kinetic energy, it annihilates by reaction with another electron, generating two 511 keV γ-rays. These photons may subsequently be absorbed through the photoelectric effect or the Compton effect.
Practical considerations
Instrumental versus radiochemical NAA
Two types of NAA are commonly distinguished, instrumental NAA (INAA) and radiochemical NAA (RNAA). In Instrumental neutron activation analysis (INAA) γ-ray counting is carried out after neutron irradiation without further manipulation of the sample, except, maybe, of re-packaging. As NAA is a true multi-element method, for a rock like basalt INAA typically permits the analysis of about 15-20 elements (Na, Sc, Cr, Mn, Fe, Co, Sb, Cs, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, Th, U), depending upon their concentration.
In Radiochemical neutron activation analysis (RNAA), the sample is chemically treated after irradiation in order to separate the element(s) of interest from the matrix prior to counting of the photopeaks. This, of course, requires access to a laboratory where radiochemistry can be carried out. Apart from taking time, this generates additional radioactive waste, in particular in liquid form. All REE are, in principle, accessible to RNAA. Figure 8 shows the naturally occurring REE nuclides together with those employed in NAA. Table 1 provides additional information on cross sections for neutron absorption and γ-lines that can be evaluated for analysis (analytical photopeak data from Refs [29, 30] ; other data from Refs [11, 31] ). In natural rocks, where the light REE (La-Nd) are present at the 10 1 or even 10 2 ppm level and the heavy REE (Ho-Lu) at the 10 0 ppm level, the elements La, Ce, Nd, Sm, Eu, Tb, Yb and Lu can normally be analysed by INAA whereas Pr and Er can only be measured after REE separation from the matrix activity. Due to the short half-life of 165 Dy (2.35 h), Dy can only be measured after a separate short (few minutes) irradiation and immediate transport of the activated samples from the reactor to the laboratory for γ-ray counting which must be finished within about five half-lives when the induced activity has decayed to about 3 % of the value at the end of irradiation. This short irradiation is also beneficial for the determination of 166 Ho the signal of which is severely enhanced by second-order activation of 164 Dy in irradiations of long duration (Section 4.5).
Figure 8:
Excerpt from the chart of the nuclides [11] showing isotopes, naturally occurring isotopes, radioactive, used in NAA of the REE and Hf in black and radioactive ones employed in NAA in various colours. 
Samples and standards
Samples and standards are commonly irradiated as solids but liquids and even gases can also be used if care is taken to avoid leakage during and after neutron irradiation. Sealed SiO 2 glass tubes or ampoules are particularly suited as containers for liquids and gases. Biological samples may be freeze-dried prior to irradiation. Geological samples, if necessary, can simply be dried in an oven to remove moisture. During neutron irradiation prompt γ-rays are emitted by the sample due to neutron absorption and scattering; in addition, decay of the formed radioactive isotopes releases radiation. Partial absorption of this radiation by the sample produces heat. This causes radiolytic decomposition of H 2 O and biological materials during long irradiations (hours and more, depending upon the neutron flux) and a build-up of pressure in the sample containers; organic material may even carbonize [5] . Geological samples will normally be present as finely ground powders but irradiation of rock chips or single mineral grains is also acceptable, provided that they are representative of the bulk samples. It is useful to have a broad idea on the range of REE concentrations to be expected in order to adjust the quantity of sample for irradiation. Quantities between less than 1 mg and a few grams are used, with the most typical quantities being on the order of 100 mg. Pulverized samples can be put into aluminium or SiO 2 glass containers and sealed; coarse grains or chips can be simply wrapped in Al foil. For short irradiations or irradiation in reactors with low neutron fluxes polyethylene foil or vials may also be used. In high-flux reactors, polyethylene foil becomes brittle within several minutes. In addition, in the manufacturing process compounds of antimony are employed as catalysers (e.g. [32] ), that are a source of high-energy γ-rays from the decay of 124 Sb and, consequently, cause an appreciable Compton background during counting. SiO 2 tubes and Al foil are available at very high purity, eliminating the need to transfer the irradiated samples to inactive containers before γ-ray counting. Safely encapsulating powder in Al foil, however, is difficult and thus not advisable. If low-purity Al containers are used, the samples must be transferred to inactive containers prior to γ-ray counting.
Although eq. 6 can be solved for N X , the number of atomic nuclei of interest, thus making NAA an absolute analytical method, this equation is not practical to employ. First, the absolute value of the activity A Y cannot be easily derived and depends upon the counting geometry (mainly the distance between sample and detector) and the efficiency of the detector. Second and more importantly, the neutron flux Φ is not precisely known and may fluctuate. Major-and minor-element isotopes of geological and biological samples (H, C, N, O, Na, Mg, Al, Si, P, S, Ca, Ti, Fe) have small cross sections for neutron absorption (less than a few barns). Therefore, it can be safely assumed that the neutron flux remains constant across a set of samples during irradiation. The neutron flux, however, varies as a function of distance in the core region of a reactor. Whereas flux variations across samples are small in the core of a large graphite-moderated reactor (≤0.5 % cm −1 ), they may reach 10 % cm −1 ) in the core of a small water-moderated reactor [5] . These uncertainties are eliminated by the irradiation of two or more sets of standards and, sometimes, flux monitors together with the samples. The single-comparator method, NAA not further considered here, requires precise knowledge of γ-ray intensities, isotopic abundances, and thermal neutron cross sections from which a "k 0 -factor" can be calculated [4, 33] .
The flux monitor, NAA may be a thin rod or wire of a metal such as Fe, Co or Au. Short wires (few centimetres) may be wrapped around each sample in order to precisely record the neutron dose (flux × time) at the position of the sample. Thin metal sheets may be placed inside aluminium cans, large containers used for irradiation, in between individual samples or layers of samples [3] . Flux monitors are recommended if samples are to be irradiated in small research reactors and accelerators and/or if the highest possible analytical precision is to be achieved.
Standards can be prepared from commercially available multi-element or single-element standard solutions for inductively coupled plasma mass spectrometry (ICP-MS) analysis. They may, of course, also be prepared by dissolving metals or compounds. If oxides are used, care has to be employed with regard to the exact stoichiometry. Terbium, for example, forms a stable oxide Tb 4 O 7 instead of the normal REE 2 O 3 composition. If stock solutions must be diluted, this should be done shortly before use in order to minimize loss of elements by adsorption to the walls of polyethylene or PTFE containers. Appropriate quantities of the solutions may be pipetted on small sheets of high-purity Al foil or into SiO 2 glass containers and dried. Quantities varying between a few micrograms (Sm, Eu, Lu) and about 100 μ g (Gd) are considered reasonable. This is at least one order of magnitude more than present in most geological samples. When combining several elements in preparing standards, interferences of γ-lines must be avoided. Pu), which has a half-life only slightly larger than 153 Sm and has a fairly intense photopeak at 103.70 keV that cannot be resolved from the 103.18 keV photopeak of 153 Sm. Moreover, neutron absorption by 235 U causes fission, producing nuclides in the mass range of the light REE with high yields (Figure 4 ). Gd and Ho are subject to interference by second-order reactions of Eu and Dy; pure standards of Eu and Dy are required to correct for these interferences.
International reference standards should also be included in a set of samples in order to estimate the accuracy of the concentration data. As REEs (and other trace element concentrations) are vastly different in different types of geological materials, it is advisable to select a standard similar in composition to the samples, for example, a standard granite for the analysis of granites or a standard ultramafic rock for the analysis of peridotites. These rocks will have REE concentrations that typically differ by more than two orders of magnitude.
For the purpose of neutron irradiation in a reactor, the samples are packed into an aluminium can which may have a diameter of 1.5-3 cm and a length of ≈ 10 cm. About 10-40 samples fit into such a can, each ≈ 100-mg sample sealed in SiO 2 glass or an aluminium container. In order to correct for neutron flux gradients, the position of each sample and standard inside the can must be known. As the induced activity A Y is a linear function of the neutron flux (eq. 6) and as the irradiation time is the same for all samples and all standards, two sets of element standards, one set placed at the bottom and the other at the top of the irradiation can, are sufficient to correct for neutron flux variations by linear interpolation. More sets of standards or flux monitors, of course, will improve the flux correction at the cost of additional time for γ-ray counting. In large research reactors, the variation in neutron flux between top and bottom of an aluminium can with a length of 10 cm will typically be on the order of 10 % only.
Counting strategies
Before irradiating the samples, the subsequent counting strategies should be considered and irradiation parameters adjusted.
If all REEs are to be measured, radiochemical separation is indispensible. In this case, each sample is split into two portions. One split should be irradiated for a short time (on the order of 10 min) and immediately (after a delay of no more than 1 h) be transferred to the radiochemistry laboratory. This split serves for γ-ray counting of 165 Dy and 166 Ho, and possibly 171 Er, 152m Eu, 140 La and 153 Sm. The second split should be irradiated for at least several hours up to about 1 week, depending upon the expected REE concentrations. After a delay of 1-2 days ("cooling time"), these samples are transferred to the laboratory for performing radiochemical separation of the REE and subsequent counting. The most critical isotope to be measured is 171 Er (t ½ = 7.52 h); for its detection, not much more than 1 day (≈ three half-lives) should be allowed to pass between the end of irradiation and γ-ray counting, together with isotopes having half-lives less than about 1 week ( 142 Pr, 166 Ho, 140 La, 153 Sm, 175 Yb, 177 Lu). Two to 4 weeks later, after the short-lived activities have decayed, the longer lived nuclides can be measured, i.e. 147 Nd, 141 Ce, ( 177 Lu), 169 Yb, 160 Tb, 170 Tm, 153 Gd, and 152 Eu. 142 Pr and 140 La have no low-energy γ-lines; for their detection, a large-volume Ge(Li) or Ge detector is required. All other REE nuclides listed in .1 can, in principle, be analysed using a planar Ge detector. In the energy range below ≈ 150 keV, the planar detector is the preferred one due to its lower Compton background and better resolution.
If no radiochemistry laboratory is accessible or if other elements, in addition to the REE are to be measured, then the instrumental NAA method must be employed. In this case, the short irradiation is of little benefit as 56 Mn, and in favourable cases 165 Dy, are the only nuclides that cannot be detected in geological samples after the long irradiation. The long (hours to days) irradiation requires a cooling time of about 2 days or more before the first series of γ-ray counting can be started, targeting at 140 La, 153 Sm, 175 Yb, 177 Lu, 24 Na, and 239 Np. At that time, 24 Na may still constitute the main activity in many geological and biological samples ( Figure 9 and Figure 10) ; its high-energy γ-rays contribute highly to the Compton background. The second γ-ray counting may take place about 3-5 weeks after the end of irradiation. At this time, the short-lived nuclides have decayed to negligible values and the Compton background of geological samples is now determined by 59 Fe and 46 Sc and, maybe, 60 Co (Figure 9 ). Among the REEs, 141 Ce, 147 Nd, 152 Eu, 160 Tb and 169 Yb can now be expected to be detectable as shown in Figure 10 for the case of a volcanic rock. [34] . Although many of these activities are high, be aware that only a smallfraction of the γ-rays are registered by the detector. In INAA, the activity is dominated by 24 Naduring the first week after irradiation. Afterwards, 46 Sc, 59 Fe and 60 Co are the maincontributors. All these nuclides release high-energy γ-rays during decay, thus causing a highCompton background, in particular in the large-volume Ge detector. 13 cm −2 s −1 for 12 h at the research reactor "DIDO" of the former "Kernforschungsanlage Jülich" (now "Forschungszentrum Jülich") in September 1993. γ-Ray counting was performed at the former "Institut für Kernchemie", University of Cologne. The dead time of the counting system was kept below 3 % by adjusting the distance between sample and detector. Counting times were 3 h (a), 4 h (b) and 10 h (c).
As the behaviour of the REE in nature is predictable and mainly a function of the differences in ionic radii and, in the case of Ce and Eu, of oxygen fugacity, the REE patterns of rocks and minerals can commonly be constructed from the elements accessible by INAA. Under reducing conditions, a portion of the Eu will be divalent, giving rise to Eu behaving differently from Sm or Gd, visible as a Eu "anomaly" in many rocks. The magnitude of this anomaly can only be interpolated between Sm and Tb as Gd cannot be measured precisely by INAA. Moreover, the 153 Gd photopeak at 97.5 keV is interfered by the 98.44 keV photopeak of 233 Pa (from the decay of 233 Th, Figure 10 ). For measuring Gd by INAA, it therefore is useful to let 233 Pa decay for about half a year (7 half-lives of this isotope) -if time is not essential.
Radiochemical neutron activation analysis (RNAA) -a fast separation scheme
Radiochemical neutron activation involves the separation of the elements of interest from the matrix activity. At the time when the samples arrive at the laboratory, 1 or 2 days after the end of irradiation, geological and biological materials are highly radioactive. All chemical work, therefore, must be carried out minimizing the exposure of the operator to the radiation. This includes manipulating the samples behind protective shielding (usually made by bricks of lead, about 5 cm thick) and following a quick-and-dirty chemical procedure. As all chemicals that are used during digestion of the samples and separating the REE are inactive, there is little danger of introducing contamination, except through cross-contamination between samples. Prior to the development of the high-resolution Ge detectors, all REE had to be separated from one another which involved time-and labour-consuming extraction or ion-exchange techniques [35, 36] . With the advent of the coaxial Ge(Li) and planar Ge detectors, the chemical work was reduced to separate the REE as a group from the matrix. At the University of Cologne, we have applied the separation technique outlined in Figure 11 and described in more detail by Carl [37] . In many geological samples, 46 Sc accounts for the main activity between about 1 week and 1 year after the end of irradiation. It is, therefore, indispensable to remove at least the major portion of 46 Sc from the REE. We achieved this by precipitating Sc using phytic acid [38] . Chemical yields of the REE were typically between about 90 % and 95 % as determined from the analysis of international reference materials or by re-irradiation and γ-ray counting of samples. To our experience, two people working together can process about 20 samples in 10 h. By employing this separation scheme and irradiating ≈10 −1 g of sample at a flux of 8 × 10 13 n cm −2 s −1 , we were able to analyse the REE in minerals from peridotites containing ppb levels of the REE only ( Figure 12 ). Even sub-ppb levels are accessible for the most sensitive elements La, Sm, Eu, Yb and Lu. In contrast, by INAA, we would have detected only Eu, Yb and Lu in orthopyroxene and none of the REE in olivine. [39] ). Peridotites are rocks from the Earth's upper mantle brought to the surface as inclusions in basaltic volcanic rocks. REE were separated from the matrix (sample weights between 100 and 300 mg) according to the procedure outlined in Figure 11 . CI-chondrite normalization values from Ref. [40] . The sample with the lowest REE concentration has REE abundances corresponding to detected quantities of approximately 1 ng for La, 1.5 ng for Ce, 0.7 ng for Nd and 0.5 ng for Sm. Even lower concentrations were observed in spinel (Mg, Fe)(Al, Cr) 2 O 4 , corresponding to detected quantities of ≈0.06 ng for La, 0.03 ng for Sm and 0.06 ng for Lu [39] . The patterns indicate crystal-chemical control of REE 3+ incorporation into the lattice of olivine and orthoyroxene with the largest of the REE being most strongly excluded from incorporation. Higher than expected concentrations of the light REE in olivine are likely to be due to physical contamination, in particular fluid inclusions.
Data reduction and sources of error
Data reduction following γ-ray spectroscopy comprises calculation of the peak area and standard error. This procedure is comparable to the task encountered in energy-dispersive X-ray spectroscopy and is discussed in detail by Potts [3] . In most cases (La, Ce, Nd, Sm, Eu, Tb, Yb and Lu in INAA and all REE in RNAA), wellresolved γ-ray lines can be chosen to evaluate the net peak area by subtracting the interpolated background from the total peak area. Deconvolution of photopeaks is rarely required. As the 1σ-error is estimated from the square root of γ-ray counts of total peak as well as background, 1σ of the net peak area N Peak is calculated as √ Peak + 2 Background . As the background is particularly high at low energies (Figure 10 ), its value may contribute more to the total error in this region than the photopeak, at least in INAA. If the counts at the background are of the same magnitude as the net peak area, a couple of thousand counts must be accumulated for the net peak area in order to keep the standard error below about 3 %. At high energies, the background is low and the error of a photopeak is determined by the number of counts in the peak, but due to the much lower efficiency of the detector at high energies, the number of counts is much smaller, again leading to higher 1σ-errors. The energy dependence of the efficiency is seen in Figure 10 by comparing the γ-lines of 140 La at 487 keV and 1,596 keV. According to Table 1 , the 1,596 keV line should be more intense by about a factor of two compared to the 487-keV line, whereas in Figure 10 the latter line is the stronger one (by a factor of 1.85 if counts under the peak area are calculated and if the obvious interference at slightly lower energy is incorrectly included as 140 La).
Although NAA is poor in interferences, NAA from competing reactions leading to the formation of the same nuclide, caution must be exercised when analysing Gd and Ho. "Second-order reactions" may severely enhance the signals of 153 Gd and 166 Ho [41, 42] . Such interferences arise during long irradiations and/or high neutron fluxes, when a radioactive nuclide +1 X, formed during irradiation from a stable isotope X of element X, decays into a stable isotope +1 +1 Y, the (n, γ)-reaction of which -producing +2 +1 Y -is used to determine the concentration of element Y. Alternatively, +1 X may capture another neutron to form +2 X which decays into +2 +1 Y.
Second-order activation can be calculated from the Bateman-Rubinson equation [5, 43] :
where N n (t) is the number of nuclides +2 +1 Y produced after irradiation time t in a reactor from the interfering reaction, 0 1 is the initial number of (inactive) nuclides X. Λ i = λ i + σ i × Φ and Λ * = * + * × Φ where λ i is the decay constant of nuclide i, * is the partial decay constant (producing, e.g. 152 Gd from 152m Eu, whereas λ i is the total decay constant, generating 152 Gd + 152 Sm from 152m Eu), σ i is the total reaction cross section and * the partial cross section (leading, e.g. from 151 Eu to 152m Eu, whereas σ i is the value leading from 151 Eu to 152m Eu + 152 Eu); Φ is the neutron flux.
The factors C i are defined as
In the above example, = 4 ( X, +1 X, +1 +1 Y, +2 +1 Y), C 1 is then calculated as
151 Eu possesses a cross section of 3,150 b to form 152m Eu. About three quarters of this nuclide decay with a half-life of 9.3 h into stable 152 Gd (Table 1) . Whereas 151 Eu has a natural abundance of almost 50 %, the abundance of 152 Gd is only 0.20 %. For a sample with a chondritic abundance ratio of Gd/Eu (≈ 3.5), irradiating a sample at a flux of 5 × 10 13 n cm −2 s −1 for just 1 day enhances the total amount of 153 Gd by more than 10 %. For an elemental Eu/Gd ratio of 1:1 the increase is about 50 % and a neutron flux of 1 × 10 14 n cm −2 s −1 will almost double the 153 Gd signal ( Figure 13 ). Five days of irradiation at 5 × 10 13 n cm −2 s −1 will more than double the 153 Gd signal for a chondritic Eu/Gd ratio and increase it by a factor of 4 for a 1:1 ratio. A standard of pure Gd must be used to correct for this interference by counting 152 Eu and 153 Gd in standard and unknowns. Reducing the irradiation time to much less than one day or the neutron flux is not a good option in this case in view of the long half-life of 153 Gd and, hence, its low activity (compare Figure 9 ). 153 Gd, activated from 152 Gd indigenous to the sample, was calculated from eq. 3. The y-axis has been scaled to a 1:1 elemental Eu/Gd ratio. Most geological samples will have lower ratios, closer to the chondritic one (≈1/3.5, chondritic ratios are indicated by black broken lines). Green and red broken lines serve to illustrate the interference for irradiation times of 1 and 5 days, respectively. Calculations have been carried out employing the Bateman-Rubinson equation [5, 43] , using isotopic abundances, activation cross sections and half-lives as given in Table 1 . For equal concentrations of Eu and Gd in a sample, for example, 1 ppm, irradiating the sample for 1 day at a neutron flux of 1 × 10 13 n cm −2 s −1 will increase the 153 Gd signal by about 10 % whereas irradiation at a flux of 1 × 10 14 n cm −2 s −1 will almost double the signal. 164 Dy forms 165 Dy by neutron capture with a cross section of 2,700 b which decays into stable 165 Ho with a half-life of 2.35 h, thus increasing the concentration of Ho as a function of irradiation time and neutron flux in the reactor. 165 Dy may also capture another neutron (σ = 3,500) to form 166 Dy, which decays into 166 Ho with a half-life of 81.5 h, about three times longer than the half-life of 166 Ho. This has the consequence that the interference of Dy on the determination of the Ho content is not only dependent upon the neutron flux and duration of irradiation but also on the time when the decay of 166 Ho is counted. The interference can only be kept small (<3 %) if the sample is irradiated for no longer than about 1 h and γ-ray counting is carried out within about three half-lives of 166 Ho [42] .
